The effects of chemical compositions on the microstructure and high-temperature creep strength of 9Cr-ODS steel was discussed in the light of quantitative data of -ferrite proportion and nano-size oxide particle dispersion, which were evaluated by dilatometric analysis and small angle neutron/X-ray scattering analysis, respectively. These quantitative data are well consistent with the conventional data obtained by transmission electron microscope. Both data indicate that the important microstructural feature for creep strength improvement of the 9Cr-ODS steel is the number density of nano-size oxide particles, and ferrite/martensite (F/M) duplex structure is favorable for high population nano-size oxide particle dispersion. Both optimization of excess oxygen concentration and control of the F/M duplex structure are promising technique for nano-structure control of 9Cr-ODS steel. Tungsten solid solution strengthening appears to be small compared with oxide dispersion strengthening enhanced by duplex microstructure formation.
Introduction
Japan Atomic Energy Agency (JAEA) has made a great deal of effort to develop the cladding tube of 9 chromium (Cr)-oxide dispersion strengthened (9Cr-ODS) steel having ferrite/martenisite (F/M) duplex microstructure. [1] [2] [3] [4] In Fast Reactor Cycle Technology Development (FaCT) project promoted by JAEA, the 9Cr-ODS steel is ranked as the primary candidate for commercialized Fast Breeder Reactor (FBR) fuel cladding tube that will be exposed to maximum temperature of 973 K and peak neutron dose up to 250 dpa. 4) It is known that noticeable strengthening factor of 9Cr-ODS steel is the high number density of dispersed oxide particles. In addition, our studies revealed that -ferrite formation in tempered martensite considerably improves the creep strength of 9Cr-ODS steel. [2] [3] [4] [5] [6] As for the conventional martensitic steels, -ferrite is a detrimental phase which never acts as reinforcement phase, so that the martensite single phase matrix is preferentially chosen. However, the -ferrite in 9Cr-ODS steel is believed to be a reinforcement phase because it appears to contain higher population of nano-size oxide particles than tempered martensite. [2] [3] [4] [5] [6] The 9Cr-ODS steel has the complex dual-phase microstructure consisting of fine ferrite and martensite grains, in which many oxide particles are dispersed in nanometer scale. Then, it is difficult to derive trustworthy information on ferrite proportion and morphology by conventional technique such as metallographic observation. It is also not easy to quantitatively evaluate nano-size oxide particle dispersion using conventional technique such as transmission electron microscope (TEM) observation because the nano-size oxide particles are densely dispersed in high dislocation density matrix. These difficulties left some open questions: how the chemical compositions influence the oxide particle dispersion and -ferrite formation, and how much impact these nano/micrometer scale microstructure has on the hightemperature creep strength in the 9Cr-ODS steel. The purpose of this study is to quantitatively evaluate -ferrite proportion and oxide particle dispersion and to make clear the quantitative interrelation between these nano/micrometer scale microstructure and high-temperature strength of 9Cr-ODS steel.
The 9Cr-ODS steel bars containing different concentration of titanium (Ti), excess oxygen (Ex.O) and tungsten (W) were produced and the creep rupture tests of these steels were conducted at 973 K. The small angle neutron and X-ray scattering (SAS) analysis results described in the companion paper 7) are used for the quantitative discussion on nano-size oxide particle dispersion of the 9Cr-ODS steels, whileferrite proportion is quantitatively evaluated by dilatometric analysis and cross-sectional W (ferrite-forming element) mapping using EPMA (Electron Probe Micro Analyzer). Both the SAS analysis and dilatometric analysis can offer average microstructural data in bulk material, since their measurement volume ($10 7 mm 3 for SAXS, $10 11 mm 3 for SANS and dilatometric analysis) is much larger than microstructure observation (10 À3 mm 3 for TEM observation). Using these data, the interrelation between the nano/micrometer scale microstructures and the high-temperature strength of 9Cr-ODS steel were discussed.
Experimental Procedure
The eight types of 9Cr-ODS steel bars were produced with the general process consisting of mechanical alloying and hot-extrusion as described in a paper.
1) The basic chemical composition of the 9Cr-ODS steel is Fe-9 mass%Cr-0.13C-0.35Y 2 O 3 , where W concentration is changed from 0.2 to 2.4 mass%, Ex.O concentration from 0.08 to 0.15 mass%, and titanium (Ti) concentration 0.2 to 0.46 mass%. Chemical analysis results are displayed in Table 1 . The hot-extrusion temperature was set to be 1423 K for all the steels investigated in this study. These steel bars were finished by the normalizing-and-tempering, i.e. 1323 K Â 1 h, air-cooling (AC) followed by 1073 K Â 1 h, AC.
Uni-axial creep rupture tests at 973 K were carried out with the loading direction parallel to extrusion direction. Vickers hardness measurements were conducted under a load of 9.8 N.
With the purpose of assessing ferrite distribution in tempered martensite matrix, optical microstructures of the normalized-and-tempered steels were observed. In addition, W mapping was carried out using EPMA after waterquenching treatment, i.e. 1323 K Â 1 h followed by waterquenching. In the heat treatment of F/M duplex steel at a temperature exceeding Ac1 point, ferrite-forming element such as W is preferentially partitioned into ferrite matrix compared with austenite. The -ferrite distribution at 1323 K therefore should be clearly assessed by the W mapping of the water-quenched steels. Here, the water-quenching was chosen instead of the normalizing-and-tempering because it can suppress the carbide precipitation containing W and Cr. The area fraction of -ferrite, i.e. W-partitioned area, is estimated by image analysis of the EPMA mapping views. Three map views with 80 mm Â 80 mm in size are used for the analysis of each steel. The macroscopic technique evaluating the volume fraction of -ferrite was examined by dilatometric analysis. Thermal expansion rate of the 9Cr-ODS steels at 1323 K was measured with ramp rate of 1$5 K/min using a thermo-mechanical analyzer (TMA), RIGAKU TMA 8140. The specimen size is 4 mm in diameter Â 18 mm in length, and the longitudinal direction corresponds to the hotextrusion direction. Figure 1 shows the typical on-heating dilatometric curves of martensite single phase steel and F/M duplex steel. The thermal expansion rate of ferrite ( F , %/K) was determined from the dilatometric curve of the single phase specimen at 1073$1123 K lower than Ac1 point, while that of austenite ( A , %/K) from the inclination at 1313$1323 K. The determination results are F ¼ 1:45 %/K and A ¼ 2:36 K/%, which are consistent with the generally reported data. The thermal expansion rate of ferrite-austenite matrix ( F/A , %/K) at 1323 K was determined from the inclination of duplex steel curve at 1313$1323 K. The ferrite volume fraction (F, %) in austenite matrix at 1323 K can be correlated with F/A , F and A by the equation
Taking into account that the values of F =100, A =100, F/A =100 are much smaller than 1.0, the above equation can be approximated to
Substituting the measured F/A into eq. (3) can provide the -ferrite volume fraction (F).
For the quantitative characterization of nano-size oxide particle dispersion, small angle neutron scattering (SANS) measurements were performed using SANS-J-II port (wavelength ðÞ ¼ 0:65 nm) in the JRR-3 research reactor at the Table 1 Chemical analysis results of 9Cr-ODS steels.
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7) The q-ranges in the measurements were 0:007$1 nm À1 for SANS and 0:07$7 nm À1 for SAXS. The scattering intensities of SANS and SAXS were measured in absolute units using a standard sample of irradiated aluminum 9) and glassy carbon, 10) respectively. The size distribution and number density of nano-size oxide particles were determined from the obtained SANS and SAXS profiles by the analysis using the following equation, 
where lognormal size distribution and spherical shape of dispersed particles are adopted for the analysis. The symbol I(q) represents the scattering intensity, Á the difference in scattering length density between matrix and nano-size oxide particle, R the particle radius, V(R) the particle volume with radius of R, F sphere (q,R) the form factor of spherical shape particle, and N(R) the number density distribution of particles (lognormal distribution in this case). The type of dispersed oxide particles in 9Cr-ODS steel are thought to
so that the values of difference between dispersed particle and Fe-9 mass%Cr matrix (Á (Y 2 Ti 2 O 7 )) used for analysis were 3:69 Â 10 À4 in nm À2 for neutron scattering length density and 2:26 Â 10 À3 for the X-ray scattering length density.
The lattice parameters of 9Cr-ODS steels containing different concentration of W was measured by X-ray diffraction analysis to estimate the degree of tungsten solid solution. The diffraction peaks from (2 0 0), (2 1 1) and (2 2 0) crystal planes were used for the analysis because these planes offer adequate height of signal at high 2 position, which allows the high accuracy measurement. The NIST Si powder was used for angular calibration. Fig. 2(b) , where the 923 K creep rupture strength of conventional 9 mass%Cr-0.1C-xW steel without oxide dispersion strengthening 11) is over plotted for comparison. In the case of the 9 mass%Cr-0.1C-xW steel, creep strength monotonously increases with tungsten concentration in the range martensite single phase matrix is maintained. This improvement is caused by solid solution strengthening and stabilization of lath boundaries brought by fine M 23 C 6 carbide precipitation.
11) Excessive W addition exceeding 2.0 mass% causes -ferrite formation enhancing Fe 2 W precipitation under high-temperature thermal aging, which provides for saturation of W solid solution strengthening. Referring to the measured lattice parameters of normalizedand-tempered 9Cr-ODS steels shown in Fig. 3 , solid solution strengthening in the 9Cr-ODS steels should monotonously increase with tungsten concentration up to 2.4 mass%, however, the creep strength of 9Cr-ODS steel appears not to monotonously increase with tungsten as seen in Fig. 2(b) in contrast to the 9 mass%Cr-0.1C-xW steel. For high Ex.O ODS steels (0:12$0:15 mass%, square symbols), creep strength is improved in the range of W concentration over 2.0 mass%, while for low Ex.O steels (0.08 mass%, solid circle symbols) over 1.4 mass%. This W dependence become more pronounced in the 973 K creep strength of 9Cr-ODS steel at time longer than 1000 h, i.e. at higher LMP than 22400, as can be seen from Fig. 2(a) . Vickers hardness test results (9.8 N) in Fig. 4 show the analogous tendency with creep strength. An interpretation of this peculiar dependence on W concentration in the 9Cr-ODS steel is that the strength of the 9Cr-ODS steel is improved by the formation of F/M duplex microstructure; the strength of 9Cr-ODS steel is improved by -ferrite formation rather than W solid solution strengthening. The detailed discussions will be performed in the light of the microstructure characterization results in section 4. The uni-axial creep rupture strength as a function of Ti concentration is displayed in Fig. 5 , which indicates that increasing titanium concentration to 0.35 mass% appreciably improves creep strength, while the excessive addition to 0.46 mass% degrades it. On the other hand, Vickers hardness monotonously increase with titanium concentration up to 0.46 mass%.
3.2 Nano-size oxide particle dispersion 7) With a view to obtaining reliable nano-structure information, the quantitative nano-structure characterization of the 9Cr-ODS steel was carried out by means of small angle neutron and X-ray scattering (SAS) analysis.
7) The SAS analysis results and their comparison with chemical composition are summarized in Table 2 high number density oxide particle dispersion. The comparison of ST-1, M-Ti and Hi-Ti indicates that the population of oxide particle also appreciably increases with titanium concentration up to 0.46 mass%. Noticing on the effect of matrix structure, the comparison between Hi-O and Hi-W indicates that the transition from martensite single phase to F/M duplex appears to contribute to increasing population of the nano-size oxide particle.
-ferrite distribution
Optical microstructures of 9Cr-ODS steels are shown in Fig. 6 , which indicates that in the high Ex.O-containing steels (0.12-0.15 mass%), threshold W concentration forferrite formation is in between 1.9 mass% and 2.4 mass% (Fig. 6(a)(b) ) whereas that for the low Ex.O containing steel (0.08 mass%) below 1.4 mass% (Fig. 6(c) ). An equilibrium phase diagram was constructed using Thermo-calc and TC-FE/SSUB database 12) as illustrated in Fig. 7 , which shows that austenite () loop shrinks with decreasing Ex.O. The lack of Ex.O leads to suppression of Ti-O chemical bonding, which provides for increasing effective Ti concentration (ferrite-forming element) and produces the shrinkage of austenite loop (). This is the reason why the threshold W conc. for -ferrite formation steels is lower in the low Ex.O than that in high Ex.O steels. The equilibrium phase diagram shows that the W concentration lower than 3.1 mass% and 2.8 mass% should permit the formation of austenite single phase matrix at 1423 K (hot-extrusion temperature) for 0.13 mass% Ex.O and 0.08 mass%Ex.O, respectively. However, microstructure observation shows the inconsistent results as displayed in Fig. 6(b) and (c) showing that the -ferrite is formed even when W conc. is lower than the threshold concentration offered by the equilibrium phase diagram. This inconsistency implies that the -ferrite in the 9Cr-ODS steel is a non-equilibrium phase peculiar to mechanically alloyed material.
3)
The tungsten mapping results by EPMA after 1323 K Â 1 h followed by water-quenching are shown in Fig. 8 , which indicates the same tendency with optical microstructure observation. In the high Ex.O containing steels (0.12-0.15 mass%), 1.9 mass% W addition does not permit -ferrite formation (Fig. 8(a) ) while only 1.4 mass% W addition produces -ferrite in the low Ex.O steels (Fig. 8(c) ). Figure 9 displays the W-mapping results of the 9Cr-ODS steels containing high concentration of Ti. The comparison of these views and that of 0.2 mass% Ti steel- Fig. 8(d) -indicates that ferrite proportion monotonously increases with Ti conc. The area fraction of -ferrite (F EPMA ), i.e. high W concentration phase, is estimated by image analysis, and the results are shown in Table 3 . These results offer the reliable information on the ranking of ferrite proportion (F) in each steel:
A macroscopic determination of -ferrite proportion was carried out using dilatometric analysis. Table 3 displays the thermal expansion rate ( F/A ) of duplex steels and theferrite proportion evaluated by substituting the measured F/A into eq. (3). The ferrite proportions determined by dilatometric analysis agree well with the EPMA analysis results.
Interrelation between Microstructure and High-temperature Strength
The nano-size oxide particles dispersed in matrix blocks the dislocation motion, thus improving high-temperature strength of ODS steel. The stress level required for detachment of the pinned dislocations from the oxide particles, i.e. the threshold stress for high-temperature deformation of oxide dispersion strengthened steel, is approximately in inverse proportion to the inter-particle distance, thus being proportional to the square root of nano-size oxide particle number density (Np) multiplied by average particle diameter Figure 10 shows Table 3 . Increasing titanium concentration from 0.35 to 0.46 mass% degrades the creep strength although the nanosize oxide particle increases in number density. Formation of excessive -ferrite and inclusion containing titanium would impede strength improvement in this case.
The specimens ST-1 and M-W have approximately the same level of number density and average size of nano-size oxide particles as shown in Table 2 , while the creep strength of ST-1 is certainly higher than M-W. This discrepancy is provided by the difference in W concentration-higher W concentration in ST-1 (2.0 mass%W) than M-W (1.4 mass%W). On the other hand, the creep strength of Hi-O containing 1.9 mass%W is in the same level with M-W(O) containing 0.9 mass% W in spite of the difference in W concentration. The specimens Hi-O and M-W(O) are single phase materials with tempered martensite matrix, whereas ST-1 and M-W are F/M duplex steels; the specimen ST-1 contains the higher fraction of -ferrite than M-W does. Considering these experimental facts, the creep strength improvement of 9Cr-ODS steel produced by W addition seems to be caused more by -ferrite formation rather than W solid solution strengthening.
The nano-size oxide particle number density as a function of -ferrite proportion is shown in Fig. 11 . It is sure that increase of nano-size oxide particle population is accompanied by the increasing fraction of -ferrite. This result is well consistent with the conventional qualitative data obtained by transmission electron microscope. 5, 6) High number density of nano-size oxide particle dispersion would play a major part in the strength improvement produced by F/M duplex structure formation. The data of small -ferrite proportion close to 0 vol% (Hi-O, M-W(O), Hi-W, M-W) shows that number of nano-size oxide particles substantially increases only by reduction of Ex.O without increasing -ferrite proportion. This result clearly indicates the importance of Ex.O control for high population oxide particle dispersion in addition to the type of matrix structure.
Conclusions
The effects of chemical compositions on the microstructure and high-temperature creep strength of 9Cr-ODS steel was discussed in the light of quantitative evaluation offerrite proportion and nano-size oxide particle dispersion,
(1) Quantitative measurement results of -ferrite proportion and nano-size oxide particle population in this study is well consistent with the conventional qualitative data obtained by transmission electron microscope. Both data indicate that the important microstructural feature for creep strength improvement of the 9Cr-ODS steel is the number density of nano-size oxide particles, and low concentration of excess oxygen and ferrite/ martensite (F/M) duplex structure is favorable for high population nano-size oxide particle dispersion. (2) Tungsten solid solution strengthening appears to be small compared with oxide dispersion strengthening enhanced by duplex microstructure formation. Fig. 10 Correlation between creep strength and square root of nano-size oxide particle number density multiplied by average particle diameter. Fig. 11 Correlation between the number density of nano-size oxide particles and -ferrite proportion estimated from dilatometric analysis.
